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Fig. 1 The diagram of the physical model.
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Tablel Physical properties of mannitol solution(21.5%w/w)
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Table2 Operating conditions
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K IE S 0 1~101.325kPa
R 253,258,263K
SR 0.1,0.3,0.5m/s
TR E AT 0.1,0.5,2.0mm
SR P

i 0.5,2.0,5.0
LI E R Hm
TIEBHAA (o 0.1m
M TRERNL 0.2m
VIR 0 200K
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Table3 Model validation
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KIG A SR
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MIE B ®50mm,L90mm [543 3 iE
PSR T 101.325kPa

T M SRR 0.68m/s 2.00m/s



TS AR 266.45K 263.15K

WEEER
ik 60.0h 37.5h
Y4 65.0h 33.7h
s 2 8.3% 10%
1.0 1.0
09 —— SR () 08 A R (525R)
%08- e it %08 B TR (BEAY)
Z 0.7 Z O
H 0.6} T8
% o4l %
& % &
= o3l &
02+
0.1F
OO 1 1 1 1 1 00 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 0 5 10 15 20 25 30 35 40
18] (h) 5 8] (h)
(@) (b)

Bl 2 R SCEkon b
Fig. 2 Validation against literature (a) : Sandall (1967); (b) : J.V. Santacatalina (2015)
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Trad=263 K. Dp=0.002 m, dp=5E-7 m Bi=3600 & a7z i (moljm?) © Trad=263 K, Dp=0.002 m, dp=5SE-7 m 5f{1=72005 #: s (molm’) © Trad=263 K, Dp=0.002 m, dp=5E-7 m 5=9360 ¢ : s (mol/m?)
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1000 1000 1 1000
900/ 7 900 { 0.07 800
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500 € 500 500
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6 100 5 100 0.04 100
0 a5 0 0|
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55 o + e w2
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-1000 =500 o 500 Bm -1000 -500 ] 500 um -1000 -500 L] 500 Bm
(a) (b) (c)
1 3 RN 2R K 2R EERE M2 (a) 3600s, ()7200s, (c) 93605
Fig. 3 Vapor pressure distribution during sublimation drying process after (a) 3600s, (b)7200s, (c)
9360s.
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Fig. 4 Temperature distribution during sublimation drying process after (a) 3600s, (b)7200s, (c)
9360s.
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Fig. 5 Variations of moisture ratio and sublimation rate during drying process with different pressure.
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Fig. 6 Effect of operating parameters on drying time: (a) particle diameters, (b)pore diameters, (c) inlet
temperatures, (d) inlet velocities.
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Figure 3 Polarization curves for ORR testing in 0.1 M KOH electrolyte of Fe-N-C catalysts at different

pyrolysis temperatures.
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Table 1 Active Parameters of Electrochemical ORR Catalysis for Various Samples

— G AT (Eonse) V PN (E1n) V b AL
(vs. Ag/AgCl) (vs. Ag/AgCl) (JL)/(mA-cm?)
Fes-N-Crs0 0.0534 -0.0638 -5.5274
Fe>-N-Cgso 0.0851 -0.0443 -5.2537
Fe>-N-Coso 0.1364 -0.0174 -5.6354
Fe:N-Cioso 0.0900 -0.0443 -5.2453
Fei-N-Coso 0.0974 -0.0369 -5.5755
Fe3-N-Coso 0.0876 -0.0369 -5.5457

Pt-C (20%wt) 0.1193 -0.0272 -5.0795
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Figure 5 Polarization curves for ORR testing in 0.1 M KOH electrolyte of Fe-N-C catalysts with different

hemin loadings.
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Kl 5 (b) BUER T FHREEIR T i) CO2 W B e 7T o 48 SO REIRIK) COL W B B 12 1 T+ S26
HMIS77, P9 89 BABCKMALATRAMEE R AR, byl W] 745 S9 XF T CO, itk
BAHMLS . AT THKEEX COLWMARFERI M, FIH S9 FFE T Tk, A
FIL HLRT L RN SR A R () COL WRBRF 5256, R4 T iR 2kt 28, Wl s (o) fr
e TR S9 AT Sw=32%F1) S9 RILHAHMAMIAT Hy, 1EHAE Sw=32%I11 S9 ] CO» W Iy FE %L
18, BRI 4 T B2 FLBR A 8], I BALBR A BT UNRIK S . B4, Sw=100%
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PR 72 Sw=110%, 2.8 MPa T CO2 i Ff & miT Sw=100%, BN EMKE&ET
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REAFT CO . Ak, KB5S () SR T Su=100%1 =FHER H1 1 CO. W &,
R =FPEIAE 2.8 MPa I ) COo WY 43T SR, £ S26 A1 S77 FIWK I i £k ik
SR AFIGILG, TAE S M2k rh A IR . MhZrh X FHRAMER B, 7E S26
HS77 o COL K EWNERGERLL 89 Ph. A0 & CO fiiE R TIw, S77 Fl S26 (XA
PeHs . HR MK EVITY BOE R ERTE, S77 A S26 ULT-LHL SO L34 sE i .
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HeAh, ASCEBTFL T /K& EAE JIRERR HK &% COL RIS I . (T S26 Al
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PERL COLKEW. 1E 223 K IRFEZAM T, FIA X HFLATHAL (XRD) 4347 =48 S 7K
EEEH, G5 RAE 8 (a) PR . X =Ml [RII A74E CO2 /K54 (COD:96-152-6863 )
AMYK Th (COD:96-152-6863). X XRD HeEHIFGE, 53] VX =FEE+ COKE
Vil iS4 Takeya S5 AWEIL T 2 AL T CHa /K &P ARG RS, R ISR /K AL
H1¥) CHa /KA1 S B4l CH /K AR, TR /K BURL (1) CHa K &40 i S 8 HL
25 CHa KGN e TEARBEFCHT, R SRAKIT, Horh i CO2 /K4 it P ) R 2
FAME . BEERIFRER T COKEY MMM SEAEA FIFR R T M. B,
WA AR CO/KEWFMIZ 45 Hansen 556 N 1025 Rk AT 7 Eigc#el, il 8
iR o TR AE IR, TG HRERZ - COL KA A R EL Ak A/ N S i
ZAERNRRR T AR N COKEPIRIRFHEB F IR AL T 2% . G,
M S9 1) XRD 255 AT LA HY, PR BRI VK Th T B2 T 525 5200 . UK Th 06 (20=
22.9°, 24.5°, 26.0°, 28.1°F133.6°) 5rZdE (20=23.3°, 24.9°, 26.4°, 28.5°F 34.0°)
Fte B8 (b) ASRAIKBRIIR S AR BRI T AL R M s =, SRR R
RS 43 T REAEFLIE R, X E2 /K5 T 5 LB R A S E A ELAE AT, 3H9n T K
ST COL 41 Z IR A UK S ARG R IO MEE o R T /K (RIS B T, ik PRIk
JBLA]HEFEWK Th (T E BRS8N, 7T XRD 5 R g 3. fEF990KRIBUSN T,
Ko T A S COy 2 T A A A BK G . SRR IRATIUN T UK 5 e AR A
AT E 2, HIX— RGBT
4 45ig

KA COLAE I COL HEBUMITETERAR o BA A FGR BRI AR Rk % 7K
B COLMMER I AR ML . FEARE TR, BAVT T =R EAH ARFE AL 1
BE T COL R AW URE . BRI R4 AR, b1 T SRPPR PR AR A7, S9 hAk
1T RIS K &9, MR, S26 F1 877 HAR T RMIK AW . IRISARK A
FFH T4 0 LA K S MR Z 10 K, RIERI A S9 i CO AN ELAR A . b4k, 89 o
COL KB R RS, T S26 R S77 rhAE G SR, SO Hh (17K A1 A Bt Tl b



S26 Al S77 HRK 2-3.5 % o I LB Al S /K ORI EE 26140 ISR I M it 2, WL 307
AR, TR R G RN CO AR, MKW BEXT CO 4 4 5 1 5 i
TR AR . AN, XRD 45 R, KBRS B M COL /K &I &
Zik. @I L BRI, BATERD TR AR AL CO KA A 1 AN ) )12 8%
YLLK CO iR MM, iE 1R K S WA g 08 CO AR IREIR R . 4K 2 AL
SUREL I 2 5 PE XS /K 5 0075 CO2 AR IS M A3k — 3B W9, INTTTf 5 HA R T COo
RIS 23 LR, FIF & Ak FLBR A RE T K & 075 COx s AL BRI /7.

(8)| = Peak ofice Ih CO, hydrate unit cell parameter 5
+ Peak of hydrate ab,c=11.827 (in S9 ) :
s9 a,b,c=11.848 (in $26) |

* ab,c=11.819 (in S77

—— 526 i 577)

ab,c= 11.85178 (Hansen et al.)
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1 FHKEESI&
1.1 FRELIE
FTH AL ER (I SEMGE R B, B4R 60mm, JESE 0.5mm. B SRR TR . 2B
AEB T K55 15min FJE GG, LAEBRERTMTSHEAANY . 155580 T H 20%01
IR AR 10min LLERKRIANE, PRI . MHARETREE, £ HE
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(Tel: 13337205180, Email: zhongminwan@hotmail.com)
FHEE: T ACH BRIl (PEMFC) ITESERR L th & B 3 LI E AR M ESL,  EBNZS kAT T iatT
IR HC: e 2 BIR K ﬁTEﬁ@MPm&cﬁmMA%%#TM%ﬁﬁwo$If%ﬁn7$ﬁ%%¢mﬁﬂ
AR BEX PEMFC AR A8 AN AR R ERE SN . FRASSLIG 25 LR, Rkt s it TR IR B 80°C, B
IFERAELN 2.0, BARAETRERELA 1.5, FARAASHERE AN 100%, HRAASREE A 100%8, =4Ephis iRz
A IO T3 55 5 LEPAT IR T T 30.91%. BRASSEIGEE LR, ERE/KEMIERT, BIEHRR M2
S B E R A MBS E R . BEE D R SR, R R R A RO R R P IR E RS D
CER/N 2N NS o0 4 P 3 N A B U sl VN R S KR S0 B 5@ R R A S B TR AN
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Steady-state and transient experimental study

of a novel 3D stepped wavy flow field in
PEMFC

Long Liwen!?, Wen Xu'2, Zhou Yuheng'?, Pan Dingchang!-?, Zhu Xi'2, Wan Zhongmin!=
(1. College of Mechanical Engineering, Hunan Institute of Science and Technology, Yueyang 414006;
2. New Energy Research Institute, Hunan Institute of Science and Technology, Yueyang 414006)
(Tel: 13337205180, Email: zhongminwan@hotmail.com)

Abstract : In the practical application of proton exchange membrane fuel cells (PEMFCs), load-varying conditions are
frequently encountered. When operating under load-varying conditions, its performance can be greatly affected. In order to
properly understand the performance of PEMFC under load-varying conditions. In this paper, the effects of different
operating temperatures and gas relative humidity on the steady-state and load-varying conditions of PEMFCs are
experimentally investigated. The steady-state experimental results show that the maximum output power densities of the
three-dimensional stepped wavy flow field increase by 30.91% compared with parallel flow field when fuel cell operating
temperature is 80°C, the cathode stoichiometry flow ratio is 2.0, the anode stoichiometry flow ratio is 1.5, the anode relative
humidity is 100% and the cathode relative humidity is 100%. The transient experimental results show that the change in
ohmic loss under the effect of membrane water content is an important cause of output voltage downshoot or overshoot. The
undershoots and overshoots amplitude increases with the increases of step-current. In addition, the overshoots and
downshoots amplitude of fuel cell decreases with increases of the anode/cathode relative humidity.

Keywords: PEMFC, ohmic loss, transient characteristics, overshoot, undershoot
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Fig.1 Preparation of CaCl,@MOF-808 composite material
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Fig.2 Diagram of water vapor adsorption experimental system (1.CO; Gas Cylinder; 2.N> Gas Cylinder;

3-6.Valves; 7-8.Gas Mass Flow Controllers; 9-10.Temperature Controllers; 11.Reactor; 12.Relative Humidity
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Fig.3 Characterization results of MOF-808 and CaCL,@MOF-808. (a) and (b) SEM Images; (c) EDS Spectrum
Analysis of CaCl.@MOF-808; (d) XRD Diffraction Patterns; (¢) Fourier-Transform Infrared Spectrum; (f)
Nitrogen Adsorption/Desorption Isotherms.
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Fig.4 (a) Adsorption isotherms of CaCl,@MOF-808 composite material at different temperatures and (b)
different relative humidities.
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Fig.5 (a) Adsorption isotherms at different carbon dioxide concentrations; (b) Adsorption isotherms at different
water flow rates for CaC12@MOF-808; (c) Dynamic water absorption rate of CaC12@MOF-808 at different
packing densities.
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Tablel Carbon dioxide adsorption test parameters

Sample/mg T30 °C,<5%RH) W b /gg !

81.4 15% CO2 0.0504
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95.8 100% CO2 0.0605

2.4 KESREX CaCL@MOF-808 7k & S IRMIE 8 HI SN

W B W R EE A 30 °C, AHXHEEE N 70%, EARRSHE (300, 400, 500, 600
mL-min) GE T AT /K 2B L5 . SRIG T AR 2 F 7R PR S8 TALLE 30 min N EREF
AN FREUE 2 TR B A AR 85 mg /2 A7 B T W B PR P9 T 4 W B 52562 5 (816 10 min
THEEETN, BRI RERRLE 450 min.

K5 (b) RAENFEKESTE FER CaCL@MOF-808 7K 28 W 2k, P
b & LA SZKZA M ER 0, & ME CaCh@MOF-808 #£ 300 mL-min . 400
mL-min' 500 mL-min"' 1 600 mL-min-! f*J~F#7 Fff & 73 51 4 1.000 g-g' . 1.000 g-g ' 1.101
g'gls 0956 g-g!. (HERAHKETMERZN, CaCL@MOF-808 7K 78T W b i &t it
2R, MR EKT 400 mL-min! B, CaCl@MOF-808 1M Fff i bl 2 0. 24
KZESEE T 400 mL-min™! 5, A7 AOULEE B0 B2 R P, (HEZRA b AN, 3X 3
B 7 R 2 HO R R R AR /N, AT RARBE AT Rk, T T HO6
AR 2N 77 2= sz, [R5 R 2 B IR R 2% [/, S5 vh (1) 7K 28 SR 2 1 4E 400
mL - min™'.
2.5 EERIZE X CaCL@MOF-808 7k 7% S WY M 14 A A9 520

TR R 7K 53 Wt B DX 452 1245 SR 1), A 75 T8 R T80 2% 1) 2 B



AT ST T B 7 () SEDR 3 B OMPRMABRE FE D) 7K 28 0 B 4 B i) s ) LA B 2 3
W Bt 5 77 2 25005 W I R IEDRME #A% T ItE RE S B0, AR SCAE MR 25 A T EAT W Bt
PERERIBITTL, KA B8, BEMEL CaCl.@MOF-808 [¥17K 78 TR i/ 3h /1
ST DA I BT PR 2 i AR B 7K 28 PRI R PR I PR AR A% A2 () o AR K 28 SR
Bt/ A ) 3 2 AT PO A B v RSO AR A B e B R R . R T & B A HLE 2R
JATHR LK ZE SR BN 72 B R RS, RIS T 7K R W B 2 0 B B — AT
A, ‘W f# H Linear Driving Force Model £k 149K 5] JJ# %! (LDF) SR#EATHI &G4, #R¥E LDF
AL, BN BT (AR B S P ARV B4 X IR B TR RIOAE 74 e B ek 2 «

dc(@) _

k,[C" (1)~ C(0)] ®)
dt

C(t) 2275 t I ZaJIF (995 B FRUBURE Y FAOWR B BRFR 3 BE S C7 () 9t 6F Z20B B P

A 73 1T DKL 1T I AR O B S o AR ko FRONH R LDF AR5 R K. il TR S8
FEHEIAET N AT, DIBEAT BLAE A RS2 86, X8R Al 453K (9):

fO)=1-¢" ©)

FEIKZE R B 7024 B 2 s T RO B 2200, O 1 S ik B A AR AT Y,
S — s AR AR B (R A 27280, 1 (8) U mT 15

dg,
- 10
o kla.—a) (10)

X IR TR AT AR (11):
=q,(1-e™") (11)

Hrdr g & PSR /KZESWIGE (gg"), gt NZIMNKKEE (ggh), ki (min!) 2
1771‘%%”5’]1331%4& 1] Bi=1/k. 2RO)H A1) 5 RA DI gvge FTEBCEEER EBAHE
(S, AR BERT E] A KRR DB BT 15 -

In(1—4v) = —k (12)
q.

¥ In(1-gdqe)'5 t BATERMER S, A5 2] &, BdEAER, H t 4 300 min K210
Bt oo R ger 1FENELS (o) MIHLEHIZEAIR 2 () CaCL@MOF-808 3 /122 Z%L. 7))
J12E AR B R B B AE R 150 min PG IE 1, 75 200 min J5 U6 22 12 38 078 18 2147 .
AT DAV 252 380 0 2R H50 I 4 SE) 35 5 (10 184 T ) 220 B A, (1] 3 0o o o JEURL 2 1 389
MEHTE I, EMERARA T, KERSESMEHE € R mhmiR, SORE R
BRI A R LB 2 T 5 B506E T 2 IR PRI

—FRAB LR, WRBR R B RT DA A B 2 W B R A, AR R B B
T AEAR R R R 2 (R P, AR (R RO 85 P 4 5 3504 I 3 T R B s AR 2, AT
# CaCL@MOF-808 Wi [t & (1) F . fldn, IEEM%EE 0.41 g-om™ 7E 300 min N 7K 75



SR 1.061 g-gt, T 1.07 g-cm? SURLES BE W IR ED R FEE)] 0.709 g-gs
# 2 CaCL@MOF-808 (15 /1255
Table2 Kinetic parameters of CaCL@MOF-808

Sample r-squared ki q300
0.044 g 0.41 grem 0.9978 0.0148 1.048
CaCl@MOF-808 0.074 g 0.68 g-ecm 0.9987 0.0107 0.859
0.116 ¢g 1.07 grem 0.9947 0.0102 0.727
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Fig.6 (a) Thermogravimetric analysis of MOF-808, CaCl, and CaCL,@MOF-808; (b) Regeneration efficiency
of CaCL,@MOF-808
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FIG. 1 Schematic of uniform micropillar array and heterogeneous two-stage micropillar array capillary wick
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FIG. 2 Normalized wicking time of the two-stage capillary wick versus pore size ratio and length ratio
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FIG. 4 Experimental sample
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FIG. 5 Wicking distance versus time of the uniform and heterogeneous two-stage capillary wick
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(1) 2% NCP BT 200 °CHAH H 25 T4 4 h;

(2) HL 15 gSrBro-6H,0 ¥ T 15 mL 287K, BB & 7 HCN 35%01 StBry I

(3) B 1 gNCP CFIE5ERD 54U 2 @& R T IR &, WImise, #5045
BURIR T 12 hs

(4) WPBER 3 TS AT s g, TR MBS EaMEL, KR mE T
200 °CHEA L2 TGk A7

(5) ¥EH 15 g WKW 505 1 g FL42 25108 10 nm. 30 nm. 50 nm F
100 nm () NCP B & #i4%, Jdr4 4 NCP10-SrBr>-35. NCP30-SrBr2-35. NCP50-SrBr-35 Al
NCP100-SrBr>-35.
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Fig.1 Process flow chart of composite material preparation
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A 0B R AT KB 5 7K 5208 AT SRAFADRH & FAPERE e K& SR B0 R AR IR TE IR AR
(Aent, 2 IUAEEB AR AT, Labonce-60CH) A HIAS 2 B 7R (N, BEEEHT
s CEND AIRATR], AX224ZH) #HATHAFRER . EEIRERAIRE 30 °C, HHXHRE



60%[F1 46, HL 0.1 g A4 M RHBCE TR IR MR 37 J5 HEAT 4 h 17K & 5258, KPR
SRR RIE KA 10 50
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2 & NCP. SrBr X HE A #EH) XRD EIE, MWEIH A DUE HE &4 EHS NCP [#) XRD K5
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Fig.2 XRD plots of NCP, SrBr, and composites with different pore sizes
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B3 PUANR S NCP RURRIFLAR S A RHE) SEM 1]
Fig.3 SEM diagram of four models of NCP and composites with different pore sizes. (a,b,c,d)NCP10, NCP30,
NCP50, NCP100;(e,f,g,h) NCP10-SrBr2-35,NCP30-SrBr;-35,NCP50-SrBr>-35,NCP100-SrBr>-35
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Fig. 4 Nitrogen adsorption isotherm of porous carbon series materials (a) and porous carbon series composites
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A 100 Y% 97.41 % 93.35 %+ 100 %A1 85.99 %, MM7E 120 min B IR ZK 27358 0.428 g/g.
0.597g/g+ 0.658 g/g- 0.538 g/g F1 0.561 g/g. HHULAI I, WRIHZERKEH LR Z A
¥, — IR G AR B FLA R KN, (B7E KA R B3 K B A 28 A BTt R . )
By 78 BBl FLAZR St KR kN, 7E 50 nm FLAR bk 1) i KAE 0.658 g/g.
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Fig. 6 Adsorption kinetic curves of SrBr2, composites with different pore sizes (a) and NCP (b).
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Fig. 7 Hydration conversion rate of SrBr, and composites with different pore sizes
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_ 24743
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Table 1 Load ratio of SrBr2 in composites with different pore sizes

JET NCP10-StBr»-35  NCP30-SrBr,-35 NCP50-SrBr>-35  NCP100-SrBr>-35

49.03% 64.04% 76.72% 66.88%

MR T 2R T DUE W, A AR R R R A L S IR BT A2, U0 2 FLBRAE
NEAEM R R AWM ENE G TARR A EAGEAE . NTREEIEITRR >, 4l SrBra-6H20 1 % #4
2 15 A 690.17kJ/kg, NCP10-SrBr2-35.NCP30-SrBr>-35 -\ NCP50-SrBr;-35 1 NCP100-SrBr»-35
[ & #5598 500.53 kl/kg. 603.54 kl/kg. 705.75 kl/kg Al 622.61 kl/kg, H b KL%
NCP50-SrBr>-35 &M B A 5 KM ERE L, 73772 NCP10-SrBr-35. NCP30-SrBr>-35
A1 NCP100-SrBr>-35 ) 1.41. 1.17 1 1.13 £, X 5HKEWM 4 RMEYIEG . HRIE tg THHE 5
MR ERZEZEWE 9 BTk, StBr-6H,0. NCP10-SrBr>-35. NCP30-SrBr-35 .
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Fig. 8 Thermogravimetric curves of SrBr,-6H>O, composites with different pore sizes (a,c) and NCP(b,d).
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Fig. 9 Heat storage density of StBr,-6H,0 , composites with different pore sizes(a) and NCP(b).
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Fig. 11 (a) Quasi-primary kinetic model fit of different pore size composites, (b)

Quasi-secondary kinetic model fitting diagram of different pore size composites

2 AFRFEE SR HE— 930 )15 R — 2030 1R & 24
Table 2 Quasi-primary kinetics and quasi-secondary kinetic model fitting parameters of composites with

different pore sizes

e oG S e — G2 S

" @2 1 (min) 2 @2 o @Emny) 2
NCP10-SrBr,-35 0.426 0.074 0.993 0.462 0.259 0.985
NCP30-SrBr;-35 0.604 0.031 0.969 0.713 0.054 0.990
NCP50-SrBr;-35 0.687 0.027 0.982 0.834 0.036 0.998

NCP100-SrBr-35 0.544 0.036 0.984 0.631 0.074 0.989
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Fig. 7 (a) Oxygen inlet center pressure versus time for different liquid water flow rates (b) Oxygen volume fraction

in the basin versus time for different liquid water flow rates
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ZHN RGBT ZAAAE T TR, fEReidFE[2-4], CO, HuFEHAE 551+,
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R, EINETPENR, BeRE, G, (H2R 7SR PR E R R AR R,
ME VIO R3S Ji A A AT IR B ARAY . B A HUE T RO VRN ROR B UG BRI PR & fe,
AT EALEE R (Micro/Nano-Computed Tomography, Micro/Nano-CT) H] LA
X 22 AL 5 A S AOUL S5 A HE AT A B SR AL, BN SO0 25 R 3k AT BB B T ik
(Direct numerical simulation, DNS) [P AUHESL 75 3] | PLidi )/ ' [8]. Weng Z5[9]42
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ERB . XFhIT VT BRGNS GHEIE 760 T3NS, (H R 8T BAE 2R
PIAH 2/ NEIRE S (RERE AT 31 Z2K). Nguyen SE[101R A% T3 /R 222 (Lattice
Boltzmann method, LBM) W 78 fLBR LA TH BE 43 A S AL A 2 A8 &, TR IX IR
A48 2 mm?. £5 EoJ LG tH DNS 5 I TH R BUAR R iy, AR BRI I RS 5 T B A PR A
[11], 2ok DNS J73% 0] LUS R B 5 20z 25+ 5 2 80 ML ERORUE (um)
SRR, AELVH T S A LB bR 2 LA R eh, LS PRas
FIHRAFAE ZE AR SR S50, Wit Jeimishidng . 2ERRMAE[12-13], XA RURE (um)
FERUHOR B S N# R (em) T RE FIANVLIC 7] /5[ 14]

FLER M 5458 (Pore-network model, PNM) & — i3k T S fom FL B 45 44 (P B E AU
TE[15][16]. J8 I R S AR $h B0 2 AL ot LB AR AT FLBR K 7, FFRHR AL
B ERE NSRS . B FLIR e A s (1T A, FLIBR R TG 2 R) 32 452 4 FH Wi i ek
TN o WZIT IR A O 546 1) 77 S R AR B SR 1 Ao s A AT B 80% . Liu 55[17]
A1 Fathiganjehlou Z5[ 18134115 H PNM 1A HERR R I K B R JTIE 98, Ba ik 1 Hmi — & 1
HERAE, R T HAEBIUR B 28 R RS IBIRIE J1. 2% 5 PNM B 78 3 L5 X
R, TR ST AR Z AT TT[19]. Mt A RN T T, RSS2 MR
AAHEIEEH.

AR T R SRR I W 2515 A (Dual-network model, DNM) DL st 3 2% )N B
MHERUR S A, FRIF 2 AL 5 N IR SIE RASHUIE 7T, ARSI T RO K, ik
HA 45, ARAEME, FHEZINRA T RE—4ZRRs), HASEE R DR
e, AR HERR PR A L5 R o A SO S 22 B0 AR AR R S50 H i X AL B s P AT R
BRI RFOHATINE, 2 FAESEEIK TR T ARSLBRZERN 2 L5, KT
AFEFLBRE . W KSR 290 A AL AL

1 RBE

A R T 5 Btk (Discrete numerical model, DEM) [RJFE #f LIGGGHTS
(www.LIGGGHTS.com) “E i H1 BEALIE 78 1 ER AR BRI AR S50 R 3dE T — M EE R
51749 0.00642 x 0.00214 x 0.00214 m? (&M%, Hr 5 691013 M EAEH 0.428 mm /)
BK, 5 SCHT B A ) Rz S K ) T AR
1.1 MLEHREN

U Fig. 1 Fios &SN 4B 3Lt p i e = B, A B A% 48 PNM UG FL A 3EAT I
LR FRER[20], XU RA 28 A5 TR ) ) 2 e LB R T A F 0L 4% S, A 52 A 5 X &% v
FLESURN A f 2 (] 5 LA AR N E e . I S AR S MR, TEARR 7, FRATIN
F T PR 2 R L o 6 T SR /N ER G5 8, A SCAE FH Python H ) SCIKIT-IMAGE
G215 FhR vt i 2 7K IS 2380 7738 (Watershed algorithm) #E4THUR R 7o 2B IEWG K
PG LR AR , BN o 3 f5 /MBS FAH AR A% R B /K 7 b o ot 58 B 2= (45 4 (491
B FL I 2 TR AR5 A 7 000 R BR SHE P T AR ), AT P i R R B 18 11 X 4% 4 B B vk
(Maximum ball algorithm) [15] He KBk Iy 8 i 4 2 75 FLIR b [R] F A AH 2 73 1 X 45
RARWYIER. SRIG, AREEAE R AT P UIBR A BER AR, 1T I8 e, 25 7 I Ath bR o P BR A 2



B, F R BIEREOR B N BORER . B B RERPIFLIRT AT (node), TITERRAE i H HAth i
KER B AE S RBRBE IR B A MEE (link) [20].
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Hrp CHMRERINE, & ATRSEL HWEETIR 0 B . AR TEAE IR %, &
AN 0.5. 0.6 F10.5623, EAREURT G BME, BAARMEBESISCER[20],  ASEITS i
AHMEIE N B ST, NBh TR (Pass), AN JIREE H Eq. 4 tH5[23]:

=0 [ +ﬁ] 4)
Hr E 54753 kI/mol, o9 2.4055%x1075 Pas, 04 139.7K, a. b. ¢ AMESE, 25
N 44.2 1/Pa. 95.65kJ/ (mol-Pa) £l 124 K/Pa, R NFHAESAAH % 8.314 1/ (mol.K).
T BT WEE 3N R SRR I B Eq. 5 BT

0 2\? 1 1
R R R s e
Hrh RWRIEERCEAE, AT A SRR, NMETE N Y] Reynolds #, (N2

T DR R 27, m NIEME RS 1.1, JAVE L 1[22]. FAA A LI 5 N I
MEEAI5T . 40 Eq. 6 Fis:

B R(E e

Horp TR IVEERCER, o NERANDRHE RS 25, o JyiE il 5% 0.3[22].
HAp AL AR IR I T AR Eq.7 PR, 23 A TRIUR Bt

22 2

- (- - == ) =00
=1 =1 =1
H | REBRILERY A WA EILB Y A H, R AR E
R EREE, ABE-REEREE (W/(m>K), NRAESHREE (W/(@mK)),
SRR R (ikg K)o

—(. - ) + (. - ) =o (8)
=1 =1
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B E SUN[24]
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Horb & Nusselt £, 2 i FLBRTT ABOSEROKE (mD, 2 AR RIS RK L,
NIERAEIEZH . Nu #H Eqgs. 11-12 45 H[25]:
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= v

=4/ (12)
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Hor PrJy Prandtl £, WALBRT SRR ER (m), N RNRE (m/s).
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0.05564 m 0.0107 m

0.00535 m | 4,200 J/(kg-K)
0.679 W/(K-m) 1.04x10710 m?
75 W/(K-m) 0 300 K
0.428 mm 998 kg/m?3
0.337 2x10° W/m?
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AR, PR B iRl it (Proton exchange membrane fuel cells: PEMFCs) %%
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Figure 2 Schematic diagram of the gas gap heat switch
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Figure 3 The thermal resistance of the gas gap heat switch
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Figure 4 The influence of the gas gap size on the performance of the gas gap heat switch

(a) Thermal resistance in ON state (b) ON to OFF ratio
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Figure 5 The influence of the temperature of the cold side on the performance of the gas gap heat switch

(a) Thermal resistance in ON state (b) Thermal resistance in OFF state
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Figure 6 The influence of the stainless steel wall thickness on the performance of the gas gap heat switch

(a) Thermal resistance in OFF state (b) ON to OFF ratio
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Figure 7 The influence of the heat exchange area on the performance of the gas gap heat switch

(a) Thermal resistance in ON state (b) ON to OFF ratio
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Table 1 The structure size of the designed gas gap heat switches
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Figure 8 Photo of gas gap heat switch performance test device
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Figure 9 Calculated and experimental values of thermal conductance of 1# gas gap heat switch
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PR, BEAh, NN RGUE WITE, % MeClo Sk bR R 1 B AH AR A rsem,
TR FRMAGE T 15 AMETE, RABRNE 2 fr, EHIRGNAN Mg 57, %
EHON CLET . W 2 AT BLE H, MgCl (100D Pl _EAIPIANME R TR T — AN
H6.173 A, %R 3.637 AR . Ko FAEVITE R Bt & Zd@ K o 7 AR T 5
MgCly (100D IR+ 2 [0 A BAE R 5e e, HAITH AL DY vl B8 IR BRHA7 A
SYRRTRAE (T, KL (B, AL (B2) MR (HDo #)UTARAL G BRIk 2 T4
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B2 T MgClL (100D LI & AR
(a)MgCL (100) 3D (b) MgCl, (100D I IY4~a] RE IR A s s 2

1.2.1 RIUAETS

DFT B0l i+ 545K H Material Studio 1] CASTEP #5t, |~ MU FEILl (GGA)
(1] Perdew-Wang1991 (PWO1) iZif W) vz s F T #%-JK & £ DFT B8LiH5, Hih
TAEG ) PWOL 72 bRt (IO AR v SRR R 22, WA SR H DFT-D3 K IE 5 1Y
PWOI 72 B %F MgClo 7K & b 8047 55 — 1t JRUH 5, EAARRE0l 2 5000 6 B 45 0 R Al
REREWI R E N 550 eV, BEREINSIFRIEBEE AN 1 X 10° eV/atom, B K% TR EN 0.03
eV/A, JARPLJJHEN 0.05GPa, NI E N 0.001 A, HIEY (SCF) SRtk
BEHN1.0X10%eV, k SMETERN2X3X1,

EE—VEEETHE S, B RIEERH UL A7 E[13]:

1

E =§(E;lab _nEbulk) )
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% F TR A rh ) it M PR AR
AR TAE MgCI2 /KA 88 A% DT _E AR B RER A BAR 2 sCEAT 155 [ 14]:

Eq :%2+H20 _EMgCIZ _Eﬂzo 2)
I Eaas WWRIEBE S Emger,+n,0 A7K7r TAE MgCla fl& DT W B /5 14 R B RER ) Emecl,
M Exo 43 719 MgCL it i DY 43 T (K R &
NIGAE DFT 7 vEFIRES b ik S 800 S B, 20 9L T MgCl-nH0 (n=6, 4,
2, D MBS, SR BB R 2018 3 Fic. HEFR LA H, MgClh 6H.0
i 7K i MgCla-4H,0 75U Z) 29.0 keal/mol fiI#E, MgCly-4H,0 Mii/K i MgCl-2H,0 75
W2y 32.5 keal/mol HIF#4E, MgCla-2H20 it 7K B MgClo-H2O 7 42 22.1 keal/mol )
#iE, MgClh-H,0 MK MgCl, 75 I Z) 23.6 kecal/mol H# &, Rammelberg 25[15]525%:
M43t MgClo'6H20 i /K Bt MgClo-2HoO TR 1344 J/g (IFAE:, T AR SCTHR 45 R 1268
Vg, REAN 5.7%, EMIA SR AN DFT J5 M b BTt S8 a 1, T3 45
AfE. BeAh, M3 T LAR I, MgCl-4H0 MK K MgCl-2Ha0 [ 52 N B 22 5% i »
4 38.3 keal/mol; MgCly'6H0 Jii /KA il MgClo-4H,0 R M BE22 K2, 4 31.2 keal/mol;
MgCla2H20 i 7K it MgCla-Ho0 I MgCla-HaO it 7K i MgCla 1 | S g 22 e A%, 43 A
23.5 keal/mol A1 24.3 keal/mol. FIREE K], 11 MgCla-6H20 ‘K 23T &5 7K £ B MeCl
(¥1 2 35 [ i1, MgCla4Ha0 it 7K AE Jil MgCla 2HaO [ 2 WA Ay B8 it 7K s I 14 sl A0 3%

40
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1.2.1 {ERIHEE

IR 2 s TR . TUAE S 2 AL TR R FLBUER, 7 GCMC
TERCR B G AT SR AE MeCly /K& 3k P AR FLBRZ5 [ 16,17]. HE MWK 4 fror, K
R TN Mg JR T, AR TN CLRT . BgtmEE D & N L N2 MgCl ik
N — R T E R TR O SRR — R TR R TR B, 4 BRI
MgCL 8 fit i, MgCl i IS HUN T : a=52.325A, b=47.844 A, ¢=19.560 A.

[l 4 MgCl2 BREEME R RER R T Mg Ji T, &G TR CLE T
1.2.2 &Y
AT B TR B ISR A Materials Studio (MS) " [ Sorption FRER 5E il o
Universal /1 /EA—FIEH 713, AR 1A GREAMER, BANERM@ERE, &
TS HERRETHR R, AT & Mg R 70RO BUE R, BRSO ) 31
Universal /J3%, BHAKEIRN[18]:

E=E, +E(,+E(p +E, +E,, +E, 3)

[, Er NEKRARERTUAT . EohBEM N tiE I EJN Ey 23 3085 1 L
FREEAE T Evaw NVEEEHEAER U, J83d Lennard-Jones 6-12 #ifiid; Eo AEEHEAE I,

£ GCMC J7 ik, AR PR FH AR A AT 15[ 19]:

Hg =RT* (a(;n—TPl 4)

A, Hst o3 TR #Y, R ONHER SRR EL o ATEE RECT IEXHME, T P 250l
ST IR R 28R %

B A R H AR S HA 0 T s JOAE A BAE SR FHEE T Atom based ()77
5, FPE AU AR R E Y 155 A, FERLRTERE Y 1.0 A Frd A BLAE FR 5T Ewald
& Group 772, Hit®a1EF2E N 15.5 A, Ewald REE SR E N 1.0e keal/mol;
B = ik, Equilibration steps W& A4 1.0e®, Production steps 1% & 4 1.0e%

DUE R AL A R, X MgCla 7K & 25 1R 5 dt M 2B AT LT AN, K40 5 (1)
i 2405 Huinink SE[201 80X b %) B &5 SR BoR A ORGSR s an (i 3 A — 3K,



UER T AR S i AR R RS AU R LA
1 % MeClo /KA 3 40 L2 BUBHLL 25 R0 L

K& EAETEP ST alA b/A cl/A
Huinink 7.43 8.58 3.65
MeCl-2H0 e 7.43 8.57 3.65
MeCl-4ER0 Huinink 422 11.03 73
LA 422 11.03 73
MeCh-6H:0 Huinink 9.87 7.12 6.07
L) 9.86 7.11 6.07
ERSRITS

2.1 BAKSGFHE MeCl, /K& R R AR E R IR PR 1%

N T HE7RK T TAE MCl RIEWR L RE, AT BAK D T4E MgCl /K & Hh i fs R
T PR B G i PR B B A BRI B RE AT 1 A o BT 5 R r FAE AL (HD L KAFAL (B
FEMFAL (B2) THAL (T) DUANIRBEAL m AR B A e i LT A L R IR AL (T SR AL A
(VDo MK 5 FRaT BTG . K TG, MgCla W B S (1 ks a5 #4841
A, Bl 5-4(a) T SR AN 5-4() BRI 1 TR ALK, RIS, CI-CL AN
Mg-Mg F& 78 FRIFE T AL B AR g AN KLU A VUL TG R, T RE K & 6 Jm SRRt — 2D IR By
AR EIE 1461 BeAh, B 5-4(b) AT BLE R AL, WP AOZK 7 1 R85 T MgCl
WRCBR ST 26— SR T = BEAE] T MeClo B g 45 N, IX ] EAEAT MgCla i A fff 57
T AR R E PE R R RRAR, AT BE 5 VB R il L 52

o0B0?® 0o00®
PSS - o €999 @&
btUL,U o ® ()U‘d:)b ooHe® o ({f)@ ®
808 9 °9% ° @oece @ ©@ °©
(a) HV (b) HF (c) BIV (d) BIF
000® % ©000%® &
0,0 S o 099 |
Uéup o Vo ® ocbe® © Do (é
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(e) B2V (f) B2F (g) TV (h) TF

5 W B AR E A 2R 1 TEASL PR 5 (A0 PR
F 2 HIH T A K TIRMHE MgClL (1000 R AR AL 25 i LR AL



S B ET 7K 5T T U B AT X b, nT DURIAE R AR e 5, 7K T I LT B e A=
TR, HAR B E SO AR K o AR O I, ISR B R SR 0.975 A
Iy AR T 0.985 AR 0.977 A, SUSEEE M R SE 104.2°48 5% T 106.2°. Kl 6 TTLLE
WAL O A AN TR A S, WP RE AR A, 43 7 28-124.4 kJ/mol F1 100.5 kJ/mol, X
RO, 29591 -16.0 kI/mol A1-13.5 kJ/mol. Wi B BE AR i vk 25 W B i ) 45 4
MRE e, A TR AE R B R R A B, RRIE A R 2 B A AL AN T MgCla 1) 32 B
BHA7 55 . Ow-Mg Forn/K TR T 5 MCl, (100) RIEBER T2 A K, W& 2
AR R, MK FIRERE MgCl, (100) Rl LR ALATRAER, Ow-Mg B K&,
438 2.342 A1 3.303 A, HUCHKEMALREERAL, 5058 4.084 AR14.369 A. Ow-Mg
B, KT GRS MR E, 1245 R 5K 6 T 2B M —8. thah,
AL T2 S FNTHAE A P B REAE T--42 kJ/mol, 1% 45 3R B AN K 43 F4E MgCl, (100) %
AL AN THUAE Ak P W B g T 2 I Bf
%2 WA JE KA T LT R TR S Hnf L 2

X Ow-M /H;-0Oyw-H Hi-Oy Hy-Oy
W B o7 5 8 vt ! 2
(A) °) (A) (A)
W B I / 104.2 0.975 0.975
DA 3.303 104.7 0.974 0.974
KWL 4.084 104.7 0.972 0.971
KL 4.369 104.8 0.974 0.971
EagA 2.342 106.2 0.985 0.977
' T
20  -16.0 -13.5
40 |
g -60
S
8 -80 |
=
g -100
-100.5
-120 +
-124.7
-140
KL SRDL T AL 0
R B35

B 6 HAKSTAE MgCl (10 0) A [F W B Az 15 40 0 TR B
2.2 BAIKGFIE MgCl, 7K & ERAAKFLBE P RO IR B 5 1
T BRI TAESE MgCla ERAEAN R OB B 5% 9 IR B A1, RS Fodk By i e e
B, A3CH MgCLfLBR%E D WE N 0.5nm. 0.8 nm. 1.0 nm Al 1.5 nm, #5817 H
£ 298 K\ 323 K. 373 K H1 473 K PUFIRE T BI7K 731 B SR th 2k, Wb Sk S
W B S0 G  BITI PR 7K 2T BN, TS R 2 B . (EASGB RS, H TR OSSR



W T CAESEK G SR e RN AR SR kPa 21, DRI, AR SCABEAU R s 77
HYEHEE N 0-5 kPa. M 2(a) - (d) HHTELEH, K54 MgCl 27 D=0.5-1.5nm
FLIE P P B 450 o 282 52 300 1 B S R AL PP R, BIZEARR R IX (0-0.5 kPa) PR it & B
W, 2 JE B D3 i B e TP LR BRI N . MR N 298 K B, TEARIEIX

(0-0.5kPa), FLBRA 0.5nm () MgCl BA i 7K TR &, 2 5 BEE I r3E KR,
ZALBRAAFI R, 0.5 nm FLBR P /K 73T IR Bk 20T,  FOR 48R th 4 E T KF . 18
R (4-5kPa), 0.8 nm FLBEH 17K Tt E A &, 1.0 nm A1 1.5 nm FLBR A 17K 5>
T ER 2, HHZHRRMEILTAHSE, i 0.5 nm FLER A FIK TR 2K, 7E
JE 714 5 kPa B, 7K F B & 433 254 328, 280 A1 270 molecules/cell.
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~ 100 Esr
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= = so-
B ool =
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B 2 AN (AR T AN RIFLBR P9 7K 27 B B4R it 28 (a) 298 K (b) 323 K (¢) 373 K (d) 473 K

eAh, B 2 ] DUE AR R AL T, 7K 778 MgCl di A 1.0 nm #1 1.5 nm L
BEL N IR B SR T 26 L P S, X EME X T MgClL @bk &, H4LBRK T 1.0 nm K,
FLBR B R ANEEAS M S ROK PR e IR BEFH 298 K _E A2 323 K 1), B 0.5 nm fLER ST,
FoAh LB N 7K 7 IR I =35 R B R R3S MRS =3 373 K, SFLER A
WK PEREIRIE T F%, 0.8+ 1.0 1 1.5 nm FLBR A B SR 2R 5 MR IR =31 473
KB, EFLBE A BIROK M REE— 22 KR N . fEmRX, 0.5, 0.8, 1.0 1 1.5 nm LB A
IR EFA—3, K/ 5SkPa iy, 73704 146, 144, 141 F1 142 molecules/per, X7
RS i B e T BT, MgCla a4 N FLBR ) R /N K A P 52 e LR K 14 B o



FXTRIE AT (RC) Fom N—E XN H AR T IR % E 5 8A RGN SR % S
Z W, i T K FAEFLBR A AR XS IR BE A0 AT, R DA T PR 3R AF 7K 23 PR B AR A
W E RS R . B4 NERE S %N 298 K. 323 K. 373K 1473 K, JE /14 5kPa
4, K T4rBI4E 0.5 nm, 0.8nm, 1.0 nm A1 1.5 nm MgCla F 44 FL B b A A X ik
oA . BH d Bk FEALBR O rIEE S, D OAFLERTEE . WA 4T LLE H,
TR 298 K B, /K 4> F1E MgCly f (Al LBE T b W B B oE B NI B 0, & T 2 2R
Bto BbAh, MK 4 i maT LRI, FEFLBRSEE D LIAMNAIIX 3K, RC A4 0, IXERITF,
B IK AT FRE T MeCly dib R EET, HEAE] MgCly A A% 3. X LLIE 4(a) - (d)s
AT DR I A I P (R T 5, MgCly af AR BETHT 55 — AR B 0e (R W (B AN st /s, iR BE T v
F 473 KB, BR 0.5 nm FLER, HAFLER A ZBL— AR B, 7K T7E MgCla s AT
FLEE THT AR B 22 2 W B A g B R A o 1 2 R TR 55— VR PR I A S R BT
SRR RUIK, PERIRE RGN, SRR, B PR R R K A AN U B R
M 56— AN BRI 5 MigCla S A2 TF L EE T AL 1D 75 e R PSR i, B — TR PR Y 1 7K
15 MgCly & PR BETH [B] 1 AH ELAE T RE R T- 2B EERE, W — MR BRI IR 73745
I 5 T 1 B T A T B
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